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Using the high-resolution pulsed field ionization-photoelectron~PFI-PE! and PFI-PE-photoion
coincidence~PFI-PEPICO! techniques, we have examined the formation of methyl cation (CH3

1)
from the dissociation of energy-selected CH3X

1 ~X5Br and I! near their dissociation thresholds.
The breakdown diagrams for CH3X thus obtained yield values of 12.83460.002 eV and
12.26960.003 eV for the 0 K dissociative threshold or appearance energy~AE! for CH3

1 from
CH3Br and CH3I, respectively. Similar to the observation in PFI-PE studies of CH4, C2H2 , and
NH3, the PFI-PE spectrum for CH3Br exhibits a step at the 0 K AE for CH3

1 , indicating that the
dissociation of excited CH3Br in high-n ~>100! Rydberg states at energies slightly above the
dissociation threshold occurs in a time scale of<1027 s. The observed step is a confirmation of the
0 K AE~CH3

1) from CH3Br determined in the PFI-PEPICO study. The adiabatic ionization energies
~IEs! for the CH3Br1(X̃ 2E3/2,1/2) spin–orbit states were determined by PFI-PE measurements to be
10.542760.0010 and 10.861560.0010 eV, respectively, yielding the spin–orbit coupling constant to
be 257164 cm21. The AE~CH3

1) values from CH3Br and CH3I and the IE@CH3Br1(X̃ 2E3/2)] value
obtained here, when combined with the known IE of CH3 ~9.838060.0004 eV! and
IE@CH3I

1(X̃ 2E3/2)] ~9.538160.0001 eV!, have allowed accurate determination of the 0 K bond
dissociation energies for CH3–Br ~2.99660.002 eV!, CH3

1–Br ~2.29160.002 eV!, CH3–I
~2.43160.003 eV!, and CH3

1–I ~2.73160.003 eV!. Using the AE~CH3
1) from CH3Br and CH3I,

together with the known 0 K heats of formation (D fH0
0) for Br ~117.9360.13 kJ/mol!, I

~107.1660.04 kJ/mol!, and CH3
1 ~1099.0560.33 kJ/mol!, we have obtained more preciseD fH0

0

values for CH3Br ~221.3060.42 kJ/mol! and CH3I ~22.4360.50 kJ/mol!. This experiment
demonstrated that highly reliableD fH0

0 values for a range of molecules with error limits comparable
to those for some of the most precisely measured values, such asD fH0

0(CH4), can be obtained by
PFI-PE and PFI-PEPICO measurements. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1391268#
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I. INTRODUCTION

Reliable predictions of chemical reactivity require acc
rate energetic information for a broad range of molecu
species. For this reason, to establish an accurate the
chemical database for molecules has been a major pursu
both experimental and theoretical research in phys
science.1–3 The photoionization techniques based on the
tection of photoelectrons and photoions have a distinguis
history in providing reliable energetic information for mo
ecules and their ions.4 Important energetic data obtainab
from photoionization experiments include ionization en
gies~IEs! and 0 K dissociative photoionization thresholds
appearance energies~AEs! of molecules, from which 0 K
bond dissociation energies~D0’s! and 0 K heats of formation
(D fH0

0) for the neutral and ionic species can be derived

a!Author to whom correspondence should be addressed. Electronic
cyng@ameslab.gov
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using appropriate thermochemical cycles. In conventio
photoelectron spectroscopy and photoionization efficie
~PIE! studies, the error limits for measured energetic data
generally in the range of 1.3–8.4 kJ/mol.1–3 Considering that
photoelectron spectroscopy and photoionization efficie
~PIE! measurements are gas phase techniques and work
for relatively small molecules, we believe that a realistic go
of these photoionization experiments should be to build
best possible energetic data set for guiding the developm
of quantum chemical computation procedures.5,6 The estab-
lishment of reliable computation codes would then allow t
prediction of energetic properties for molecular species t
are not accessible to experimental investigations.

Experimental energetic data for small molecules, inclu
ing those obtained in photoionization experiments, have
deed played an essential role in the development of quan
chemical computation procedures.5,6 Due to the advance in
computer technologies, significant progress has been ma
computation chemistry in the past decade. Currently,
il:
5 © 2001 American Institute of Physics
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Gaussian-2/Gaussian-3~G2/G3! procedures5,6 are among the
most popular quantum chemical computation schemes
energetic calculations. These theories are ‘‘slightly’’ sem
empirical in nature because they contain a high level cor
tion obtained empirically from a fit to a set of experimen
energetic data, such as IEs, electron affinities, and hea
formation, by minimizing the deviations between corr
sponding experimental and theoretical results. The
theory5 uses a data set of 55 molecules as compared to
use of a larger set of 299 molecules in the fitting for the
procedures.6 As a result, the accuracy of G2/G3 predictio
is dictated by error limits of experimental data used in
fitting. At present, the G2/G3 predictions for IEs, electr
affinities, and heats of formation for small main group m
lecular species are known to achieve an accuracy of'3.8–
5.4 kJ/mol as measured by the average deviations betw
theoretical and experimental results.5,6 Without doubt, the
development of the next generation of computation pro
dures would demand a more accurate experimental datab

The fact that standard computation codes can n
achieve experimental accuracy has set a challenge for m
ern photoionization studies. The recent introduction of
array of pulsed field ionization~PFI! techniques, involving
PFI-photoelectron ~PFI-PE!,7–9 PFI-photoion,10 and
PFI-ion-pair11 detection using lasers9 and high-resolution
monochromatized vacuum ultraviolet~VUV ! synchrotron
radiation,12–14 have greatly improved the achievable ener
resolution for photoionization measurements. These
studies have shown to provide IE values with error lim
about 10–100-fold smaller than those observed in conv
tional photoelectron and PIE studies.9 The recent implemen
tation of a high-resolution synchrotron based PFI-P
photoion coincidence~PFI-PEPICO! method has made
possible the examination of unimolecular dissociation re
tions of ions with an internal energy selection of 0.6–1
meV @full width at half maximum~FWHM!#, limited only by
PFI-PE measurements. Furthermore, we have discovered
0 K AEs for dissociative photoionization processes involvi
a range of molecules can be identified by a sharp step
solved in the PFI-PE spectrum.15,16The origin of this step is
attributed to the lifetime switching effect at the 0 K AE
where excited parent molecules in high-n (n>100) Rydberg
states with shorter lifetimes are converted into excited fr
ments in high-n (n>100) Rydberg states with longe
lifetimes.15 The measurement of breakdown curves for
parent and daughter ions in PFI-PEPICO measurements
gether with the observation of the PFI-PE step, has yiel
highly reliable 0 K AE values for a range of molecule
achieving error limits of about 60.001 eV ~0.10
kJ/mol!.16–18 The 0 K AE values obtained in PFI-PE an
PFI-PEPICO measurements have made possible the det
nation of 0 K dissociation energies~D0’s!, and 0 K heats of
formation~D fH0

0’s! for many neutrals and ions with unpre
edented precision.16–18 These 0 K energetic values, whic
measure differences between well defined molecular en
levels, are most appropriate for direct comparison with t
oretical calculations. We note that many energetic data
molecular species in the literature were obtained by equ
Downloaded 04 Feb 2002 to 131.243.85.241. Redistribution subject to A
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rium and kinetic measurements with temperatures well ab
0 K.

We have employed the PFI-PE and PFI-PEPICO me
ods for investigating the photoionization and dissociat
photoionization of a series of small molecules, such as C4,
C2H2 , C2H4 , NH3, C2H5Cl, C2H5Br, C3H7Cl, C3H7Br, and
C3H7I, with excellent results.15–20 We found that the uncer
tainties of someD fH0

0 values for the radicals and ion frag
ments derived from these studies, such as CH3 and CH3

1 , are
now limited by the error limit forD fH0

0(CH4).21,22 In the
case of CH3X ~X5Br and I!, the maximum differences o
discrepancies among their previously reportedD fH298

0 values
are 1.7–3.3 kJ/mol.3 These discrepancies are significan
larger than the error limit of 0.33 kJ/mol forD fH0

0(CH3
1)

derived in the previous PFI-PEPICO study of CH4.17 We
show here that by measuring accurate 0 K AE~CH3

1) values
for reaction~1! using the PFI-PE and PFI-PEPICO metho
we have obtained values forD fH0

0(CH3X) with significantly
improved precision,

CH3X1hn→CH3
11X1e2. ~1!

We have also re-examined the IE of CH3Br using the PFI-PE
method. By measuring the 0 K AE~CH3

1) values for reaction
~1! and IE of CH3Br, together with the known IE of CH3,23

we have deduced highly preciseD0 values for CH3–X and
CH3

1–X.

II. EXPERIMENT

The PFI-PE and PFI-PEPICO experiments were c
ducted using the high-resolution VUV photoelectro
photoion facility of the Chemical Dynamics Beamline at t
Advanced Light Source~ALS!.12,24 The experimental proce
dures have been described in detail previously.12–14,25,26

Thus, only a brief description is given here.
In the present experiment, Ar was used in the harmo

gas to filter higher undulator harmonics with photon energ
greater than 15.76 eV. The ALS was operated in the mu
bunch mode with a period of 656 ns. The multibunch lig
structure consisted of 272 micro-VUV light pulses~pulse
width550 ps, separation of adjacent pulses52 ns! followed
by a dark gap~light off period! of 112 ns. A 2400 lines/mm
grating ~dispersion50.64 Å/mm! was used to disperse th
first order harmonic of the undulator VUV beam wit
entrance/exit slits set in the range of 30–100mm. The result-
ing monochromatic VUV beam was then focused into t
photoionization/photoexcitation~PI/PEX! center of the
photoelectron-photoion apparatus. The photon energy (hn)
calibration was achieved using the Ar1(2P3/2), Xe1(2P3/2),
and NO1(X 1S1,v150) PFI-PE bands27 recorded under the
same experimental conditions before and after each s
This calibration procedure assumes that the Stark shift
ionization thresholds of CH3X and the rare gases and NO a
identical. On the basis of previous experiments, the accur
of the energy calibration is believed to be within60.5
meV.28

The PFI-PE detection was achieved by employing
electron TOF scheme.13 A dc field of 0.2 V/cm was main-
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1

tained at the PI/PEX region to sweep background electr
formed by direct and prompt autoionization toward the el
tron detector prior to the application of the electric fie
pulse for Stark ionization. The PFI pulse~height57.3 V/cm,
width5200 ns! was applied'10 ns after the start of the dar
gap. The PFI pulse also served to extract PFI-photoions
ward the ion detector. Since the dark gap was only 112 n
duration, a finite overlap occurred between the PFI pulse
micro light pulses of the subsequent period, resulting in
destruction of finite high-n Rydberg CH3X molecules.

The ion PFI-PEPICO TOF spectra were recorded usin
multichannel scaler triggered by the detection of P
electrons.14 The average accumulation time for a PF
PEPICO TOF spectrum for CH3X is '20 min. The current
setup is sensitive to the ion kinetic energy.14 The analysis of
the Ar TOF peak obtained using a supersonic Ar beam
veals that the thermal background of Ar in the photoioni
tion chamber contributes'15% to the experimental A
sample. This 85:15 ratio is roughly consistent with the e
mated CH3X densities for the molecular beam sample a
thermal background gas at the PI/PEX region. On the b
of the measured PFI-PE band for Xe1(2P3/2), we estimate
that the ion-energy selection achieved here is'1.0 meV
~FWHM!.14

The CH3Br~CH3I) sample with a specified purity of 99%
was obtained from Aldrich and used without further puri
cation. All PFI-PEPICO TOF spectra for CH3Br were re-
corded by introducing the CH3Br sample into the PI/PEX
region in the form of a skimmed neat CH3Br supersonic
beam ~nozzle diameter5127 mm, stagnation pressure5760
Torr, and stagnation temperature5298 K!. The vapor pres-
sure for CH3I at room temperature~298 K! is about 400 Torr.
The vapor of a liquid CH3I sample at 298 K was mixed with
Ar to a total stagnation pressure of about 760 Torr prior
expansion through the nozzle. The PFI-PE spectra for CH3X
near their dissociation region were recorded using both
supersonic and effusive beam samples.

III. RESULTS AND DISCUSSION

A. PFI-PEPICO TOF spectra and breakdown diagrams
for CH 3X

We have collected PFI-PEPICO TOF spectra for CH3Br
in the photon energy region of 12.68–12.89 eV, which
near the 0 K AE~CH3

1) from CH3Br. Figure 1~a! depicts
typical PFI-PEPICO spectra of CH3Br at selected photon en
ergies, hn510.5427, 12.7749, 12.8048, 12.8347, a
12.8556 eV. These spectra have been background corre
using procedures described in previous studies.14 At photon
energies well below the dissociation threshold, we measu
the PFI-PEPICO TOF spectra at a step size of 10 meV, w
a step size of 1.0 meV was used at photon energies clos
the 0 K AE of reaction~1!. The bottom TOF spectrum of Fig
1~a! was recorded at the IE of CH3Br with an accumulation
time of 5 min. The fact that the photoion background at
Downloaded 04 Feb 2002 to 131.243.85.241. Redistribution subject to A
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FIG. 1. ~a! Selected PFI-PEPICO TOF spectra for CH3
1 and CH3Br1 from

CH3Br at hn510.5427, 12.7749, 12.8048, 12.8347, and 12.8556 eV. T
TOF peak centered at 19.78ms is due to CH3

1 , and the doublet peaks
resolved at 46.32 and 46.84ms are associated with CH3

79Br and CH3
81Br,

respectively.~b! PFI-PEPICO TOF spectra for CH3
1 and CH3I

1 from CH3I
at hn59.5378, 12.2072, 12.2320, 12.2697, and 12.2967 eV. The TOF p
centered at 19.78 and 57.12ms are due to CH3

1 and CH3I
1, respectively.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 04 Fe
TABLE I. Vibrational and rotational constants for CH3Br and CH3I.

Vibrational frequencies~cm21!a

n1(a) n2(a) n3(a) n4(e) n5(e) n6(e) Rotational constants~cm21!b

CH3Br 2935 1306 611 3056 1443 955 5.08 0.3192
CH3I 2933 1252 533 3060 1436 822 5.11 0.2502

aReference 3.
bReference 30.
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IE is low results in excellent signal to noise~S/N! ratios for
the PFI-PEPICO TOF data. As expected, this spectrum
hn510.5427 eV only manifests the formation of pare
CH3Br ions. The TOF peak for the parent ion is resolved in
a doublet at 46.32 and 46.84ms, which can be assigned t
ion masses of 94 and 96 amu. The relative intensities of
doublet reflect the nearly 1:1 natural isotopic distribution
79Br and81Br in CH3Br1. The deconvoluted TOF peaks fo
CH3

79Br1 and CH3
81Br1 have a peak width of 0.3ms

~FWHM!. Other PFI-PEPICO TOF spectra taken at pho
energies near the dissociation onset show poorer S/N ra
The poorer S/N ratios for the PFI-PEPICO TOF spectra
served athn512.7749 and 12.8048 eV are also caused
the fact that these energies lie close to the Franck–Con
gap region of the photoelectron spectrum for CH3Br.29 Con-
sequently, a significantly lower PFI-PE counts are obser
in this region than those found at the IE of CH3Br.

We have recorded PFI-PEPICO TOF spectra for CH3I in
the photon energy region of 12.15–12.32 eV. Selected s
tra at hn59.5378, 12.2072, 12.2320, 12.2697, and 12.29
eV are depicted in Fig. 1~b!. The bottom spectrum of Fig
1~b!, which was taken at the IE of CH3I, shows the best S/N
ratio compared to those for other spectra.

Table I lists the known vibrational frequencies f
CH3X.3,30 Since these vibrational frequencies are relativ
high, we expect that the thermal energy for CH3X at 298 K
due to vibrational excitation is small. The thermal vibration
energies for CH3X molecules in the supersonic beam shou
be lower because their vibrational temperatures are expe
to be ,298 K. The average rotational energy for therm
CH3X at 298 K amounts to'30–40 meV. Assuming that al
thermal rotational and vibrational energies are available
dissociation, we expect to observe daughter CH3

1 ions below
the 0 K AE for reaction~1!. The daughter CH3

1 ions ob-
served in the PFI-PEPICO TOF spectra athn512.7749 and
12.8048 eV for CH3Br and athn512.2072 and 12.2320 eV
for CH3I are due to dissociation of thermally excited pare
molecules. This observation is consistent with the AEs m
sured below. As the photon energy is increased, the ab
dance for the parent ion decreases relative to that for
daughter ion.

At photon energies higher than the 0 K AE, comple
dissociation should be observed. This is the case in the
PEPICO studies of CH4 and C2H2.17,18We showed that the 0
K AE for CH3

1 from CH4 ~C2H
1 from C2H2! can be deter-

mined unambiguously by the energy at which the intens
for the parent CH4

1~C2H2
1) ion goes to zero. However, in th

PFI-PEPICO study of NH3, we observed residual back
ground coincidence intensities for the parent NH3

1 ion peak
b 2002 to 131.243.85.241. Redistribution subject to A
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at energies beyond the 0 K AE~NH2
1).16 An observation

similar to the case of NH3 is found here. As shown in Fig
1~a! @1~b!#, finite residual intensities for the paren
CH3Br1~CH3I

1) ion peaks were found in the TOF spectra
hn512.8347 and 12.8556 eV~hn512.2697 and 12.2967
eV!, which are shown~see discussion below! to be higher
than the 0 K AE~CH3

1) from CH3Br ~CH3I). This observa-
tion can be attributed to coincidence background from
electrons and dissociative photoionization of dimers a
clusters formed in the supersonic beam. In the NH3 and
present experiment, the ALS dark gap~112 ns! is narrower
than that~144 ns! used in the PFI-PEPICO studies of CH4

and C2H2.14,15 Thus, the contamination due to a finite di
persion of hot electrons into the dark gap in the present st
is higher than that in the latter studies. The hot photoel
trons occurring at the dark gap are probably responsible
the majority of coincidence background associated with
detection of stable, cold parent ions. Under the conditions
supersonic expansion in the present experiment, we ex
the formation of CH3X dimers@(CH3X) 2# and clusters in the
beam sample. Stemming from the fact that the photon ene
range of interest near the 0 K AE for reaction~1! is well
above the IE of CH3X, we expect the formation of CH3X

1

from the dissociative photoionization process, such as re
tion ~2!, to be a dominant channel,

~CH3X!21hn→CH3X
11CH3X1e2. ~2!

In this reaction, CH3X
1 is stabilized by the ejection o

CH3X. Thus, the PFI-PEPICO detection of reaction~2! may
contribute to a finite coincidence background for CH3X

1.
Considering that the narrow photon energy range involv
here, we also expect the cross section for reaction~2! to be
independent of photon energy. The argument favoring a fi
contribution to the coincidence background for CH3X

1 by
dissociative photoionization of dimers and clusters is con
tent with the finding that the abundances for parent CH4

1 and
C2H2

1 are negligible at photon energies higher than their
spective 0 K AEs because dimers and clusters for these
cies are not easily formed under the supersonic expan
conditions used in these experiments.

In order to construct the breakdown curves for the par
CH3X

1 and daughter CH3
1 ions, we first obtained the rela

tive intensities for CH3X
1 and CH3

1 ions based on their re
spective TOF peak areas observed in the PFI-PEPICO T
spectra. The fractional abundance for CH3X

1~CH3
1) at a

given photon energy was obtained by dividing t
CH3X

1~CH3
1) ion intensity by the sum of the CH3X

1 and
CH3

1 ion intensities. These breakdown curves for CH3X
1

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



a-

th
t
fo

a-
ce

for

ely
is

e

re

de
th

re

dard
for

-

ring

4099J. Chem. Phys., Vol. 115, No. 9, 1 September 2001 Thermochemistry for CH3X/CH3X
1

~open squares! and CH3
1 ~open circles! representing the plots

of the fractional abundances for CH3X
1 and CH3

1 as a func-
tion of photon energy are shown in Fig. 2~a! for CH3Br and
in Fig. 3~a! for CH3I. Error bars for individual data points
shown in Figs. 2~a! and 3~a! represent their standard devi
tions.

As shown in Figs. 2~a! and 3~a!, the fractional abun-
dance for parent ion~daughter ion! decreases~increases! as
the photon energy is increased. The distinct feature of
breakdown diagram for CH3Br is the break observed a
12.834 eV, where the fractional abundance
CH3Br1~CH3

1) becomes a constant of 0.22~0.78!. The S/N
ratios of the breakdown data for CH3I are poorer than those
for CH3Br. A similar break is observed in breakdown di
gram for CH3I at 12.269 eV, where the fractional abundan
for CH3I

1~CH3
1) reaches a constant of 0.18~0.82!. Similar to

the analysis of PFI-PEPICO data for NH3, we have assigned
the break of the breakdown curve of CH3Br1 at 12.834
60.002 eV to be the 0 K AE~CH3

1) from CH3Br and that of

FIG. 2. ~a! Breakdown curves for CH3
1 ~open circles! and CH3Br1 ~open

squares! from CH3Br in thehn range of 12.68–12.89 eV. The solid lines a
simulations curves obtained by assuming 80% cold beam~20 K! and 20%
thermal~298 K! CH3Br sample. The error bars represent one standard
viation. The 0 K AE is marked by the break of the breakdown curve for
parent CH3Br1 ion. ~b! PFI-PE spectra for CH3Br in the range of 12.68–
12.89 eV obtained using an effusive beam~solid circles, upper spectrum!
and a supersonic beam~open circles, lower spectrum! sample of CH3Br. The
step at the 0 K AE is discernible in the cold~lower! PFI-PE spectrum.
Downloaded 04 Feb 2002 to 131.243.85.241. Redistribution subject to A
e

r

CH3I
1 at 12.26960.003 eV to be the 0 K AE~CH3

1) from
CH3I. The respective error ranges of 4 meV and 6 meV
the 0 K AE~CH3

1) from CH3Br and CH3I are consistent with
the simulation of the breakdown diagrams for CH3X to be
described in Sec. III B.

B. Simulation of the breakdown diagrams for CH 3X

The breakdown curves for CH3X
1 and CH3

1 were simu-
lated by assuming that the ion energy resolution is infinit
narrow and that the broadening of the breakdown diagram
due solely to the thermal energy in the CH3X molecule. The
distribution of internal thermal energyP(E,T),16,19,20 was
determined by Eq.~3!, which depends on the density of th
rovibrational statesr(E),

P~E,T!5
r~E!e2E/RT

*0
`r~E!e2E/RT . ~3!

-
e

FIG. 3. ~a! Breakdown curves for CH3
1 ~open circles! and CH3I

1 ~open
squares! from CH3I in the hn range of 12.15–12.32 eV. The solid lines a
simulations curves obtained by assuming a CH3I sample at 298 K with no
contribution from the cold sample. The error bars represent one stan
deviations. The 0 K AE is marked by the break of the breakdown curve
CH3I

1. ~b! PFI-PE spectra for CH3I in the range of 12.15–12.40 eV ob
tained using a supersonic beam of CH3I. A step at the 0 K AE is not clearly
discernible due to interference by the strong vibrational structure appea
in this region.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The density of rovibrational states for CH3X was calculated
using the Beyer–Swinehart direct count algorithm31 based on
the vibrational frequencies and rotational constants listed
Table I. The simulation were obtained by convoluting th
thermal energy distribution with a step function at the 0
AE as given by Eqs.~4! and ~5!,

Parent~hn!5E
0

AE2hn or 0

P~E!dE, ~4!

Daughter~hn!5E
AE2hn or 0

`

P~E!dE. ~5!

We note that the parent ion integral is valid only up to thehn
equal to the AE. Ideally, beyond thathn value the parent ion
signal is zero. The simulation of the breakdown curves a
assumes a constant false coincidence background, resu
in a constant fractional abundance~0.22 for X5Br and 0.18
for X5I! for CH3X

1 at hn>AE. The breakdown data wer
fitted by two independent parameters, namely, the CH3X
temperature and the 0 K AE. The sample temperature g
erns the slope at which the 0 K AE is approached. If
sample temperature was 0 K and in the absence of the
background gas in the chamber, the breakdown curves
CH3X

1 and CH3
1 would be a step function. Assuming th

CH3Br sample to consist of'20% thermal~298 K! back-
ground and'80% cold ~20 K! beam sample, we have ob
tained an excellent simulation@solid lines, Fig. 2~a!# of the
breakdown curves for CH3Br1 and CH3

1 , yielding a value of
12.83460.002 eV for the 0 K AE~CH3

1) from CH3Br. In
Fig. 3~a!, the solid lines represent the simulated breakdo
curves for CH3I

1 and CH3
1 calculated by assuming that th

temperature for CH3I is 298 K with little contribution from
the cold beam sample. This simulation provides a value
12.26960.003 eV for the 0 K AE~CH3

1) from CH3I. As
shown in previous study,17 the detailed structure of break
down curves derived from PFI-PEPICO measurements
pends on the Stark field. Thus, the temperatures used in
simulation of the breakdown curves are not expected to
flect the actual temperatures of the gas sample involved

We emphasize that the 0 K AE~CH3
1) value determined

here is based on the intrinsic feature, i.e., the break obse
in the breakdown curve for CH3X

1, and is not dependent o
the detailed simulation of the breakdown curves. Howev
the successful simulation of the breakdown curves can
taken as support of the rationale for the AE assignment
order to illustrate the precision of the present AE determi
tion, we have plotted in Fig. 4 a magnified view of the break
down data for CH3Br1 ~open squares!, together with their
error bars~two standard deviations!, in the photon energy
region of 12.811–12.881 eV. The solid curve represents
best simulation curve. It is clear from this figure that t
break ~marked as 0 K AE by the arrow! of the CH3Br1

breakdown curve can be identified at 12.834 eV with an e
limit better than63 meV. The assigned error limit of60.002
eV ~6 one standard deviation! is consistent with that ob
tained by simulation, which has taken into account the d
fluctuation in the range bounded by the upper and low
dashed curves of Fig. 4.
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C. PFI-PE spectra for CH 3X

The neutral CH3X( X̃ 1A1) ground state possessesC3v
symmetry and has the main electronic configurat
¯(1a1)2(2a1)2(1e)4(3a1)2(2e)4.29 The ejection of an
electron from the highest occupied 2e-orbital results in the
formation of the ionic CH3X

1(X̃ 2E) ground state. This state
with the configuration̄ (2e)3 is subject to the Jahn-Telle
vibronic distortion. However, to a first approximation, w
can label the ground ionic state to consist of the spin–o
components CH3X

1(X̃ 2E3/2,1/2).
29

The IE@CH3Br1(X̃ 2E3/2)] measurements reported i
previous photoionization,32 photoelectron,29 and
spectroscopic33 measurements are in excellent agreem
with values mostly in the range of 10.53–10.54 eV. In ord
to obtain a more precise value for the IE of CH3Br, we have
measured the PFI-PE spectrum near the ionization onse
CH3Br ~not shown here!. The spectrum was measured usi
an effusive CH3Br beam with a step size of 0.5 meV. Th
PFI-PE resolution achieved was better than 1 meV~FWHM!
as indicated by the PFI-PE peak for Ar1(2P3/2). The PFI-PE
bands for CH3Br1(X̃ 2E3/2,1/2) thus obtained exhibit a
FWHM of '3–5 meV. Since the electron removed from t
2e-orbital is a lone-pair electron associated with the Br at
and is not involved in bonding of CH3Br,29 the peak posi-
tions of the PFI-PE bands are expected to provide accu
measures for the IE@CH3Br1(X̃ 2E3/2,1/2)] values. Based on
the peak positions of the PFI-PE bands f
CH3Br1(X̃ 2E3/2,1/2), we obtained IE@CH3Br1(X̃ 2E3/2)]
510.542760.0010 eV and IE@CH3Br1(2E1/2)] 510.8615
60.0010 eV.

The respective IE@CH3I
1(X̃ 2E3/2)] and

FIG. 4. A magnified view of the breakdown data for CH3Br1 ~h! in thehn
range of 12.811–12.881 eV. The break resolved at 12.834 eV marks the
AE~CH3

1) from CH3Br. The middle solid curve represents the best simu
tion curve. The assigned error limit of60.002 eV for the latter 0 K AE is
consistent with that obtained by simulation, which has taken into acco
the data fluctuation in the range bounded by the upper and lower da
curves.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1

IE@CH3I
1(2E1/2)] have been determined previously to b

76 93265 cm21 ~9.538660.0006 eV! and 81 98365 cm21

~10.164660.0006 eV! in a nonresonant two photon~N2P!
laser PFI-PE by Strobelet al.34 These values are in excellen
agreement with the values IE@CH3I

1(X̃ 2E3/2)] 576 930
61 cm21 ~9.538160.0001 eV! and IE@CH3I

1(2E1/2)]
581 97961 cm21 ~10.164160.0001 eV! determined by the
extrapolation of Rydberg series.35 We have measured th
PFI-PE bands for CH3I

1(X̃ 2E3/2,1/2) and obtained values o
IE@CH3I

1(X̃ 2E3/2)] 59.537760.0010 eV and
IE@CH3I

1(2E1/2)] 510.163960.0010 eV. The fact that thes
latter measurements are in excellent agreement with re
of the previous N2P-PFI-PE and Rydberg series extrap
tion studies indicates that the IE@CH3Br1(X̃ 2E3/2,1/2)] values
determined here are highly reliable.

Figure 2~b! shows the PFI-PE spectra for CH3Br in the
energy region of 12.68–12.89 eV obtained using an effus
sample~upper spectrum, solid circles! and a supersonic beam
sample~lower spectrum, solid circles! of CH3Br. This en-
ergy region covers the 0 K AE~CH3

1) from CH3Br. In the
previous PFI studies, sharp steps were found in the PFI
spectra for CH4, C2H2 , and NH3, marking precisely the
corresponding 0 K AEs for CH3

1 , C2H
1, and NH2

1 deter-
mined in PFI-PEPICO measurements.15–18A detailed discus-
sion concerning the conditions for the observation of a s
at the 0 K ion dissociation threshold has been giv
previously.15,16As shown in Fig. 2~b!, the PFI-PE spectra fo
CH3Br are highly structured, consisting of complex vibr
tional bands for the CH3Br1(Ã 2A1) state.29 Although the
PFI-PE spectrum obtained using an effusive CH3Br sample
at 298 K shows a general increase in PFI-PE intensity as
photon energy is increased, a step at the 0 K AE~CH3

1) is not
discernible. Comparing the PFI-PE spectra using effus
and supersonic beam, we can clearly identify a sharp ste
the 0 K AE~CH3

1) as marked in Fig. 2~b!. This observation is
a confirmation for the 0 K AE~CH3

1!512.83460.002 eV de-
termined in the PFI-PEPICO TOF study of CH3Br.

In accordance with the conclusion of previo
studies,15–18 the formation of CH3

1 from CH3Br in the
present PFI experiment is believed to proceed via proce
6~a!, 6~b!, and 6~d! at energies slightly above the AE~CH3

1),
while CH3Br1 ions are produced by processes 6~a! and 6~c!
below the AE~CH3

1),

~a! ~b!

CH3Br1hn → CH3Br* → CH3* 1Br

↓~c! ↓~d!

CH3Br1* 1e2 CH3
11e2. ~6!

Here, CH3Br* and CH3* represent excited CH3Br and CH3,
respectively, in long-lived high-n (n>100) Rydberg states
and CH3Br1* stands for internally excited CH3Br1. Pro-
cesses 6~c! and 6~d! are PFI processes. This mechanism s
gests that CH3Br* fragments into CH3*1Br at energies above
the AE~CH3

1) prior to the PFI process 6~d! and is responsible
for the sharp step at 12.834 eV observed in the cold be
PFI-PE spectrum of CH3Br shown in Fig. 2~b!.
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The dominant decay channels for CH3Br* are autoioniz-
ation and fragmentation. At energies below the AE~CH3

1 ,
the PFI-PE signal is due to process 6~c! and is proportional
to the concentration of CH3Br* species that have survive
the decay for a time longer than the delay (Dt'1021 s) of
the PFI pulse relative to the excitation VUV light pulse. F
CH3Br* species that have spontaneously autoionized a
time shorter thanDt are lost to PFI detection. The CH3*
species formed at the AE are expected to converge to
ground state of CH3

1 , i.e., below the IE of CH3. Conse-
quently, autoionization is not accessible to CH3* fragments.
The CH3* fragments produced at energies slightly above
AE can only autoionize by rotational autoionization. The la
ter process is expected to be slower than vibrational
electronic autoionization for the case of CH3Br* , which lies
well above the IE of CH3Br. Assuming that the decay rate
via fragmentation for CH3Br* and CH3* are similar, we ex-
pect that a larger fraction of CH3* survives the decay than
that of CH3Br* . This explains why the PFI-PE signals d
rived from process 6~d! at photon energies slightly above th
AE are higher than that observed below the AE. The obs
vation of the sharp step feature in the PFI-PE spectrum
consistent with the conclusion that the conversion fro
CH3Br* to CH3* is complete prior to process 6~d! and that
the dissociation process has a rate constant@1/Dt
('107 s21).15,16

As pointed out above, the dissociation leading to t
production of CH3* from CH3Br* formed by VUV excitation
of thermally excited CH3Br molecules occurs below the 0 K
AE. As a result of the magnification of PFI events for CH3*
fragments, the PFI-PE spectrum observed using an effu
beam of CH3Br @upper spectrum in Fig. 2~b!# is expected to
manifest a higher nominal temperature than the actual t
perature of the thermal CH3Br sample. This would result in
the efficient filling of the step in the PFI-PE spectrum. Th
analysis indicates that the step occurring at the 0 K AE o
dissociative photoionization process is more readily ide
fied using a cold sample.

The PFI-PE spectrum for CH3I in the region of 12.15–
12.40 eV measured using a supersonic CH3I beam sample is
shown in Fig. 3~b!. This spectrum reveals strong vibration
PFI-PE bands for the CH3I

1(Ã 2A1) state, which is formed
by the removal of an electron from the 3a1-orbital in the
CH3X( X̃ 1A1) state.29 These vibrational bands have been o
served and assigned previously to excitations of the umbr
mode (n2) and C–I stretching mode (n3) of
CH3I

1(Ã 2A1).36 The excitation of these modes is to be e
pected considering that the 3a1-orbital has predominantly
C–I bonding character. The step expected at the 0
AE~CH3

1) @marked in Fig. 3~a!# coincides with the rising
edge of a strong vibrational PFI-PE peak, and thus canno
identified. The previous threshold photoelectron-photo
coincidence~TPEPICO! study37 indicated that the dissocia
tion rate of CH3I

1 is slow near threshold with a value o
'107 s21. Thus, a step might not be observable in t
PFI-PE spectrum of CH3I.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Comparison of values for ionization energies~IEs! of CH3Br and CH3 , 0 K heats of formation (D fH0
0) for CH3Br, CH3Br1, CH3 , and CH3

1 ,
0 K AE for CH3

1@AE~CH3
1)] from CH3Br, and 0 K bond dissociation energies~D0’s! for CH3–Br and CH3

1–Br.

AE~CH3
1)

~eV!

IE~eV! D fH0
0 (kJ/mol)a D0 (eV)b

CH3Br CH3 CH3Br CH3Br1 CH3 CH3
1 CH3–Br CH3

1–Br

12.834Á0.002b 10.5427Á0.0010c 9.8380Á0.0004d À21.30Á0.42b 995.88Á0.42b 149.83Á0.33e 1099.05Á0.33f 2.996Á0.002 2.291Á0.002
†10.8615Á0.0010‡c „À36.36Á0.42…b „981.52Á0.42…b „147.23Á0.33…e „1095.62Á0.33…f

12.77g 10.54160.003i 9.8460.01k 223.061.3m

~238.161.3!m

12.8060.03h 10.5460.01h 9.84360.002l 219.2460.84n

~234.3160.84!n

10.53j 222.561.5o,p

~237.561.5!p

222.661.3o,p

~237.761.3!p

G2/G3 predictionsq

12.75/12.83 10.62/10.63 9.77/9.85 214.6/219.2 1009.6/1006.7 154.8/149.8 1097.0/1100.4 2.98/2.97 2.13/2.
~229.7/234.3! ~995.4/992.0! ~152.3/146.9! ~1093.7/1097.0!

aThe values in parentheses areD fH f 298
0 values converted fromD fH0

0 values. See the text.
bThis work.
cThe upper value is IE@CH3Br1(X̃ 2E3/2)]. The value in square bracket is IE@CH3Br1(2E1/2)].
dReference 23.
eReferences 17 and 23.
fReference 17.
gReference 38.
hReference 32.
iReference 33.
jReference 29.
kReference 3.
lReference 39.
mReference 2.
nReference 40.
oThe D fH f 0

0 value is converted fromD fH f 298
0 value.

pReference 41.
qReferences 5 and 6.
d
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D. Thermochemistry of the CH 3XÕCH3X
¿ system

We have listed in Table II selecte
experimental3,17,23,29,32,33,38–41and theoretical6 values for the
IEs of CH3Br and CH3, D fH0

0’s of CH3Br, CH3Br1, CH3,
and CH3

1 , 0 K AE for CH3
1 from CH3Br, and D0’s for

CH3–Br and CH3
1–Br. The 0 K

AE~CH3
1!512.83460.002 eV obtained here is higher tha

the literature values determined by PIE measurements32,40

which are in the range of 12.77–12.80 eV. The latest NI
compilation recommended a value of 10.54160.003 eV for
the IE of CH3Br3, which is in excellent accord with the
IE@CH3Br1(X̃ 2E3/2)] value of 10.542760.0010 eV deter-
mined in the present study. The IE@CH3Br1(X̃ 2E3/2)] and 0
K AE~CH3

1) from CH3Br determined here give th
D0(CH3

1–Br!52.29160.002 eV. Combining the 0 K
AE~CH3

1) from CH3Br and the known IE for CH3 obtained
in a previous PFI-PE study,23 we calculate a value of 2.99
60.002 eV forD0(CH3–Br).

The 0 K AE~CH3
1) from CH4 was determined to be

14.32360.001 eV ~1381.97560.084 kJ/mol! in a previous
PFI-PEPICO study.17 Using the latter value, together wit
the knownD fH0

0(CH4!5266.9060.33 kJ/mol! ~Ref. 21! and
D fH0

0(H)5216.02060.004 kJ/mol,21 we have obtained
D fH0

0(CH3
1!51099.0560.33 kJ/mol.17 We note that the pre

cision of this D fH0
0(CH3

1) value is limited mainly by the
Downloaded 04 Feb 2002 to 131.243.85.241. Redistribution subject to A
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error limit for D fH0
0(CH4). The

D fH0
0(Br!5117.9360.13 kJ/mol~Refs. 3 and 21! is also well

known. Combining these values forD fH0
0(Br) and

D fH0
0(CH3

1) and the 0 K AE~CH3
1) from CH3Br determined

here, we obtained a value of221.3060.42 kJ/mol for
D fH0

0(CH3Br). The NIST WebBook3 lists three experimenta
D fH298

0 (CH3Br) values: 237.761.3, 237.561.5, and
234.3160.84 kJ/mol.40,41 Using the known vibrational fre-
quencies for CH3Br, we have converted these values
D fH0

0(CH3Br) values of 222.661.3, 222.1861.5, and
219.2560.84 kJ/mol, respectively. The present val
D fH0

0(CH3Br!5221.3060.42 kJ/mol lies in the range o
previous experimental measurements,38,39 and has a lower
error limit than those for the latter values.

We have listed in Table III selecte
experimental34,35,37,42–45and theoretical5,6 values for the IEs
of CH3I, D fH0

0’s for CH3I and CH3I
1, 0 K AE~CH3

1) from
CH3I, D0’s for CH3–I and CH3

1–I. The previous PIE~Refs.
38 and 42! and TPEPICO~Ref. 37! studies yield values in
the range of 12.18–12.260 eV for the 0 K AE~CH3

1) from
CH3I. The present value AE~CH3

1!512.26960.003 eV lies
on the high energy side of these values. In view of the
cellent agreement between results obtained in the spe
scopic and N2P-PFI-PE studies,34,35 we consider that the IE
values for the formation of CH3I

1(X̃ 2E3/2,1/2) from
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 04 Fe
TABLE III. Comparison of values for ionization energies of CH3I, 0 K heats of formation (D fH0
0) for CH3I and

CH3I
1, CH3 , and 0 K AE for CH3

1 @AE~CH3
1)] from CH3I, and and 0 K bond dissociation energies~D0’s! for

CH3–I and CH3
1–I.

AE~CH3
1)

~eV!
IE ~eV!a

CH3I

D fH0
0 (kJ/mol)b D0 (eV)c

CH3I CH3I
1 CH3–I CH3

1–I

2.269Á0.003 9.5381Á0.0001d 22.43Á0.50c 941.11Á0.50e 2.431Á0.003 2.731Á0.003
†10.1641Á0.0001‡d „13.22Á0.50…c „932.66Á0.50…e

12.2460.01f 9.537760.0010c 23.561.4ij

@10.163960.0010#c ~14.361.4!i

12.18g 9.538660.0006h 23.861.0j,k

@10.164660.0006#h ~14.661.0!j

12.26060.013i 25.161.3j,m

~15.961.3!m

G2 predictionsn

12.17 9.74 30.5 970.3 2.40 2.43
~21.3! ~961.9!

aThe upper value is IE@CH3I
1(X 2E3/2)], and the value in square bracket is IE@CH3I

1(2E1/2)].
bThe values in parentheses areD fH f 298

0 values converted fromD fH0
0 values. See the text.

cThis work.
dReference 35.
eObtained by combining the IE of Ref. 35 andD fH0

0 determined in the present study.
fReference 37.
gReference 38.
hReference 34.
iReference 43.
jThe D fH f 0

0 value is converted from theD fH f 298
0 value.

kReference 44.
lReference 42.
mReference 45.
nReference 5.
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CH3I( X̃ 1A1) are well known. The more precise spectr
scopic determinations,35 IE@CH3I

1(X̃ 2E3/2)] 59.5381
60.0001 eV and IE@CH3I

1(2E1/2)] 510.164160.0001 eV,
are recommended here. Using the know
D fH0

0(I!5107.16560.042 kJ/mol,22 D fH0
0(CH3

1!
51099.0560.33 kJ/mol,17 and the 0 K AE~CH3

1) of 1183.78
60.29 kJ/mol~12.26960.003 eV! from CH3I, we calculated
a value D fH0

0(CH3I!522.4360.50 kJ/mol. We have con
verted this value intoD fH298

0 (CH3I!513.2260.05 kJ/mol.
Three experimental values,43–45 14.361.4, 14.661.0, and
15.961.3 kJ/mol, are listed in the NIST WebBook3 for
D fH298

0 (CH3I). Taking into account the experimental unce
tainties, the present result is in agreement with the va
D fH298

0 (CH3I!514.361.4 kJ/mol obtained by Goldenet al.43

The best or most precise energetic data for
CH3/CH3

1 , CH3Br/CH3Br1, and CH3I/CH3I
1 systems are

highlighted in bold font in Tables II and III. These energe
data, including IEs, 0 K AEs,D fH0

0’s and D0’s with error
limits <0.50 kJ/mol, for CH3/CH3

1 and CH3Br/CH3Br1 and
CH3I/CH3I

1 obtained in the present and previous PFI-
and PFI-PEPICO measurements should provide a challe
for state-of-the-artab initio computational quantum theorie
We have compared the most precise experimental va
with G2/G3 predictions5,6 in Tables II and III. The G3 pre-
dictions for the CH3Br/CH3Br1 system are calculated usin
the new basis set for Br provided by Curtisset al.46 and are
generally in better agreement with the experimental res
than the G2 predictions. However, the G3 prediction for
IE of CH3Br shows no significant improvement over the G
b 2002 to 131.243.85.241. Redistribution subject to A
e

e

ge

es

ts
e

prediction. The maximum deviations of 13.8 and 10.9 kJ/m
are observed for the respective G2 and G3 predictions
DH f 0

0 (CH3Br1)/DH f 298
0 (CH3Br1). These errors are greate

than the targeted errors of the G2/G3 computatio
procedures.5,6 The larger errors observed here are caused
involvement of the heavy elements X5Br and I in
CH3X/CH3X

1. At present, G3 calculations cannot be ma
for iodine-containing compounds. We have only compu
the G2 predictions for the IE, 0 K AE,D fH0

0, andD0 for the
CH3I/CH3I

1 system. As expected, the G2 predictions f
CH3I/CH3I

1 are considerably poorer than those f
CH3Br/CH3Br1. The discrepancies between G2 predictio
and the most precise experimental data for CH3I/CH3I

1 as
shown in Table III are in the range of 2.9–29.3 kJ/mol.

IV. CONCLUSIONS

We have performed a high-resolution energy-selec
study on the unimolecular dissociation reactio
CH3X

1→CH3
11X, using the PFI-PE and PFI-PEPICO

methods. The 0 K AE~CH3
1) from CH3X and IE value for

CH3Br obtained in the present study, together with w
known energetic data for Br, I, CH3, CH3

1 , and CH3I, have
made possible the determination of more preciseD fH0

0 and
D0 values for CH3X and CH3X

1. This study shows tha
using the PFI-PE and PFI-PEPICO methods, highly relia
D fH0

0 values for a range of neutral species can be determ
to a precision comparable to those achieved for some of
most well knownD fH0

0 values reported in the literature, suc
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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as D fH0
0(CH4). The comparison of the best experimen

energetic data for the CH3X/CH3X
1 system with G2/G3 pre-

dictions indicates that the G2/G3 values have errors up
29.3 kJ/mol. We believe that energetic data such as th
presented here with significantly smaller error limits co
pared to current literature values would play an import
role in the development of the next generation of quant
chemical computation schemes.
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